Trichloroethylene (TCE) is the most frequently reported organic groundwater contaminant in the United States. It is controversial whether gestational TCE exposure causes congenital heart defects. The basis for TCE's proposed cardiac teratogenicity is not well understood. We previously showed that chick embryos exposed to 8 ppb TCE during cardiac morphogenesis have reduced cardiac output and increased mortality. To further investigate TCE's cardioteratogenic potential, we exposed in ovo chick embryos to TCE and evaluated the heart thereafter. Significant mortality was observed following TCE exposures of 8-400 ppb during a narrow developmental period (Hamburger-Hamilton [HH] stages 15-20, embryo day ED2.3-3.5) that is characterized by myocardial expansion, secondary heart looping, and endocardial cushion formation. Of the embryos that died, most did so between ED5.5 and ED6.5. Echocardiography of embryos at ED5.5 found that TCE-exposed hearts displayed significant functional and morphological heterogeneity affecting heart rate, left ventricular mass, and wall thickness. Individual embryos were identified with cardiac hypertrophy as well as with hypoplasia. Chick embryos exposed to 8 ppb TCE at HH17 that survived to hatch exhibited a high incidence (38%, p < 0.01, n 5 16) of muscular ventricular septal defects (VSDs) as detected by echocardiography and confirmed by gross dissection; no VSDs were found in controls (n 5 14). The TCEinduced VSDs may be secondary to functional impairments that alter cardiac hemodynamics and subsequent ventricular foramen closure, an interpretation consistent with recent demonstrations that TCE impairs calcium handling in cardiomyocytes. These data demonstrate that TCE is a cardiac teratogen for chick.
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Trichloroethylene (TCE, C 2 HCl 3 ) is a common environmental contaminant in groundwater, soils, and airborne emissions. It is a widely used industrial degreaser and solvent and is an intermediate in chemical manufacturing. Human exposure to TCE and its metabolites occurs through exposure to contaminated water or ambient air in both home settings and the workplace. The U.S. Environmental Protection Agency (EPA) currently allows a maximum contaminant level (MCL) of 5 lg/l (5 ppb) in drinking water, but it has been found to contaminate groundwater in the United States at concentrations as high as 27,300 ppb (Board on Environmental Studies and Toxicology [BEST], 2006) . The World Health Organization (2008) guideline for TCE in drinking water is 20 ppb.
A controversial question is whether TCE and its metabolites are cardiac teratogens. Epidemiological studies of human exposure are conflicting and have experimental limitations. Some find no association (Agency for Toxic Substances and Disease Registry, 1998; Bove et al., 1995; Lagakos et al., 1986) , whereas others find a significant correlation between gestational TCE exposure and congenital heart defects in the offspring (Bove et al., 2002; Goldberg et al., 1990; Yauck et al., 2004) . The most commonly reported defects were valvuloseptal and included muscular and membranous ventricular septal defects (VSDs), atrial septal defects (ASDs), and pulmonary and aortic stenosis.
Animal studies of TCE and its metabolites are equally conflicting. Some rat studies find no cardiac dysmorphologies following gestational exposure to high-dose oral (Fisher et al., 2001) or inhalational TCE (Carney et al., 2006; Dorfmueller et al., 1979; Healy et al., 1982; Schwetz et al., 1975) . Others find defects consistent with those observed in the epidemiological studies, with the preponderance again affecting valvuloseptal development (Dawson et al., 1993; Johnson et al., 2003) .
In contrast, TCE is clearly a cardiac teratogen in avians. TCE exposures (1-100 ppm/egg) during organogenesis (ED1-6) caused high embryo mortality, edema, and blood pooling, suggestive of impaired heart function (Bross et al., 1983; Elovaara et al., 1979) . Exposures in the low parts per billion range also increased mortality and caused congenital heart defects involving not only valvuloseptal formation, including VSDs, ASDs, truncus arteriosus, and atrioventricular canal anomalies, but also muscular and chambering defects (Loeber et al., 1988) . In both wholeembryo explant culture (Mishima et al., 2006) and a well-defined in vitro assay of cushion morphogenesis (Boyer et al., 2000) , TCE exposures in the parts per million range reduced the ability of cardiac endothelial cells to transform into the mesenchymal cells that largely constitute the valves and septa. Lower TCE exposures (8 ppb) during the valvuloseptal morphogenesis period caused significant embryo mortality (Drake et al., 2006b) , hyperplastic cushions, and reduced cardiac output, whereas exposure during the earlier events of heart specification were largely without adverse effect (Drake et al., 2006a) .
Taken together, these findings suggested that one or more events during the period of valvuloseptal morphogenesis have the greatest vulnerability to TCE with respect to cardiac outcome and embryo survival. To better understand how TCE adversely affects cardiogenesis, here, we show that a fairly narrow period of heart development is the most sensitive to disruption by TCE. During this period, embryo survival is most adversely affected at TCE concentrations that are slightly above the EPA's MCL of 5 ppb (BEST, 2006) . Using a novel approach of real-time high-resolution cardiac imaging, we found that a subset of TCE-treated embryos had abnormal cardiac structure and function. TCE-exposed chicks that survived to hatch had a high incidence of VSDs as identified by Doppler imaging. Our findings suggest that the prior emphasis upon static measures could have missed functional cardiac changes and subtle dysmorphologies and thus may have underestimated TCE's cardiac teratogenicity.
MATERIALS AND METHODS
Animals. Fertile White Leghorn chicken eggs (Hyline strain W36, Spencer, IA) were incubated until the desired stage of development according to the criteria of Hamburger and Hamilton (HH, 1951) . Most embryos did not develop past ED6.5 and did not experience pain or suffering. Hatched chicks were treated humanely and were anesthetized during all experimental procedures. Protocols were approved by the University of Wisconsin-Madison Institutional Animal Care and Use Committee.
Embryonic TCE exposure. Embryo treatment with TCE or PBS vehicle was identical to that of Drake et al. (2006b) except that a single injection was administered into the yolk center at one of the following developmental stages: HH13, HH15, HH17, HH20, or HH24 (ED2.0, ED2.3, ED2.5, ED3.3, or ED4.25, respectively). TCE doses were 0.2, 4, 40, 200, or 2000 nmol per egg with 200 ll injection volume and resulted in approximate TCE concentrations of 0.4, 8, 80, 400, and 4000 ppb per egg, respectively. Injected eggs were sealed and reincubated.
Echocardiography. Echocardiography was performed on TCE-and PBStreated embryos at ED5.5 using a Visual Sonics Vevo 770 ultrasonograph with a 55-mHg transducer and an ex ovo culture setup . Cross-sectional B-mode images were obtained with all four chambers clearly visible. M-mode images were also obtained across ventricles from this view at the largest diameter of both chambers. Doppler studies were performed across the mitral and tricuspid openings and the interventricular foramen and were used to measure cardiac outflows. A separate set of 1-day-old hatched chicks were imaged using an Acuson Sequoia ultrasonograph (Siemens) with a 15L8 transducer as detailed in Harris et al. (2002) . Chicks were sedated by facemask administration of 1% isoflurane and maintained on a heated pad. The chest was shaved and prewarmed coupling gel applied. Transmitral velocities were measured using Doppler pulse-wave imaging from a four-chamber view.
End diastolic and systolic left ventricular (LV) diameters and anterior wall (AW) and posterior wall (PW) thickness were measured online from M-mode images using the leading edge-to-leading edge convention. All parameters were measured over at least three consecutive cardiac cycles. LV fractional shortening was calculated as [(LV diameter diastole À LV diameter systole )/LV diameter diastole ] 3 100. Calculated LV mass was estimated using the formula [1.05 3
3 )]. For embryos, LV volumes were measured from a cross-sectional view to obtain the largest volume of all four chambers. The interior edges were traced by hand at end diastole and end systole for at least three separate images. The inner length of the major axis was measured in both systole and diastole. Endocardial volume was calculated using: 4p/3 3 endocardial major/2 3 (endocardial area/ p(endocardial major/2)) 2 . For hatched chicks, right ventricular (RV) diameter was measured from an apical four-chamber view at the widest diameter. Relative wall thickness was calculated as 2 3 PW diastole /LV diameter diastole . At both ages, heart rate was determined from at least three consecutive intervals from the pulse-wave Doppler tracings of the LV outflow tract. Imaging in Doppler mode identified VSDs by documenting blood flow across the interventricular septum.
Following echocardiography of hatched chicks, 20% KCl in PBS was injected into the LV lumen to arrest the beating heart at end diastole. The LV and RV were dissected and weighed. The anterior LV wall was opened, and the presence or absence of a VSD was confirmed by direct evaluation.
Immunohistochemistry. Paraffin sections were prepared from HH28 embryos fixed in 4% paraformaldehyde. Proliferating myocytes were labeled in HH24 embryos with BrdU immunohistochemistry as previously described (Drake et al., 2006b) . We determined the percentage of proliferating myocytes by counting numbers of BrdU-labeled cells relative to total propidium iodidelabeled cells within the ventricles.
Statistical analyses. Survival data were subjected to logistic regression analysis. Echocardiography data and physical parameters were analyzed using Student's t-test assuming equal variance as appropriate. The VSD incidence was analyzed by chi-square analysis. A p value < 0.05 was the critical level of significance for all experiments.
RESULTS

TCE Exposure Causes Embryo Mortality and Cardiac Dysfunction
To define the event(s) of avian cardiogenesis sensitive to disruption by TCE, in ovo embryos received a single TCE dose during defined events of cardiomorphogenesis previously identified as a window of TCE sensitivity (e.g., developmental stages HH13-24). During this period, the heart initiates valvuloseptal morphogenesis and significantly increases cardiomyocyte proliferation, trabeculation, and output as it transitions from a tubular to a chambered structure (Person et al., 2005; Sedmera and McQuinn, 2008) . Exposure at HH13 had, at best, a modest impact on embryo survival to HH30, wherein 200 nmol per egg caused a small but significant reduction in survival compared with the vehicle control (Fig. 1A) . In contrast, TCE exposure at HH15 or HH17 significantly reduced embryo survival by HH30. This effect was greatest for doses between 4 and 200 nmol per egg (Figs. 1B HEART DEFECTS IN TCE-EXPOSED CHICKS and 1C) and was lesser or ineffectual at lower (0.2 nmol/egg) or higher doses (2000 nmol/egg), suggestive of a nonmonotonic dose response at these stages. TCE administration at HH20 and HH24 resulted in less mortality, which occurred across the range of doses !4 nmol per egg. Survival in control embryos was similar at all treatment stages averaging 88-95%.
A time course (Fig. 2) established that embryos exposed to the most potent treatment regimen, 4 nmol TCE per egg at HH17, began to die at ED6.5 (HH28-30), which was 3-4 days after TCE administration. Although the overall appearance of TCE-exposed hearts at HH28, shortly before mortality onset, was unremarkable with respect to ventricular and atrial (Figs. 3A-D) , echocardiography of the TCE-exposed hearts revealed substantial heterogeneity in cardiac structure and function. For example, TCE-treated embryos had important variations in heart rate, LV mass, and ventricular wall thickness compared with controls (Figs. 4A-H) . Two hearts (triangles, Fig. 4 ) had characteristics consistent with hypertrophy, including enlarged ventricular mass and wall thickness. Two additional hearts (asterisks, Fig. 4) were substantially reduced in size and featured thin ventricular walls and profoundly reduced heart rates suggesting hypoplasia. Electrocardiographic videos of these hearts are presented in Supplementary figure 1. These changes were preceded at ED4.5 by similarly divergent frequencies of myocyte proliferation in the ventricles (Fig. 3E) . Because the ED5.5 embryos otherwise matched the morphological criteria for HH28, the differences were not attributable to developmental delay. Doppler imaging of TCE-treated embryos revealed a trend toward reduced blood inflow velocities at the tricuspid (RV) and mitral (LV) valves but not at the aortic outflow valve (AoV; Figs. 4G and 4H). As the echocardiography was a terminal procedure, we could not determine which phenotypes were inconsistent with continued survival.
TCE Exposure Causes VSDs
We also analyzed the long-term consequences of TCE exposure in hatched chicks that had been exposed to 4 nmol TCE or vehicle at HH17. Survival beyond ED7.5 was equivalent in both groups. The gross appearance of TCEexposed hearts in hatched chicks was indistinguishable from vehicle-treated hearts. Total heart weight, LV and RV weight, and external diameter of the great vessels were normal (Table 1) . Functional parameters (Table 2) were also normal except for a significant increase in heart rate (p < 0.002) and a commensurate increase in blood flow through the tricuspid valve (p < 0.002). There was no change in the fractional shortening of each ventricle, suggesting that cardiac output was normal. Calculated LV mass, as well as thickness of the LV and RV walls, was also normal.
However, 37.5% (6/16) of hatched chicks exposed to 4 nmol TCE at HH17 displayed VSDs. Doppler mode imaging clearly captured the abnormal movement of blood from the LV into the RV through a hole across the muscular portion of interventricular septum, a flow pattern consistent with a VSD (Figs. 5A and 5B). No VSDs were identified in vehicle-treated chicks (0/14, p < 0.01). The presence or absence of VSDs was confirmed by direct dissection (Figs. 5C and 5D ). All the TCEassociated VSDs were located in the upper third of the muscular region of the interventricular septum; no membranous VSDs were found.
DISCUSSION
This study independently confirms that TCE is a cardiac teratogen. TCE administered to avian embryos at doses near the EPAs MCL caused high embryonic mortality, functional dysmorphologies, and, in animals that survived to hatch, a significant frequency of VSDs. In humans, while not immediately life threatening, such muscular VSDs when left untreated ultimately reduce cardiac efficiency, stimulate hypertrophy, and eventually become incompatible with life. The chick embryo was most sensitive to TCE-induced mortality during a relatively narrow exposure window at a time when the heart tube initiates structural and functional changes that enable it to adapt to an increasing workload caused by the embryo's rapid growth. This delineation of TCE's critical window is consistent with proposals that a teratogen's effects should be selective and specific. Its identification also will facilitate elucidation of TCE's teratogenic mechanism in the chick and will assist evaluation of its potential teratogenicity in other species.
Mechanism of TCE-Induced VSDs
In chick, the interventricular foramen completely closes by ED8 (HH34); chicks hatch at ED21. Thus, the muscular VSDs seen here cannot be attributed to a transient closure delay that will spontaneously heal later in life. The interventricular septum consists of a muscular portion derived from the myocardial wall and a smaller membranous portion that arises from endocardial cushion fusion with the apical muscular septum. The VSDs detected here all involved the upper region of the muscular septum. Muscular VSDs have been reported in studies of TCE and its metabolites in humans, rodents, and chicks (Dawson et al., 1993; Johnson et al., 1998; Loeber et al., 1988; Smith et al., 1989) . 
HEART DEFECTS IN TCE-EXPOSED CHICKS
One cause of such defects is a failure of muscular septation itself. Another major contributor is cardiac hemodynamics, which alter both intraventricular pressures and shear stress and the subsequent shaping and closure of the ventricular and outflow tract foramens (Hogers et al., 1999; Hove et al., 2003; Sedmera et al., 1999) . Thus, the VSDs seen here, and perhaps the outflow tract defects reported by others, could have resulted from direct effects of TCE on cushion formation or they could be secondary to effects on myocyte contractility and/or muscular uplifting during formation of the septum primum.
With respect to cushion morphogenesis, TCE does not affect the early events during endothelial cell activation (Boyer et al., 2000) , a finding consistent with the lack of effect seen here for HH13 exposure as well as our previous finding of little effect of TCE when administered during cardiac specification (Drake et al., 2006a) . However, subsequent cushion transformation events are sensitive to alteration by TCE. High TCE doses impair endocardiocyte migration into the cushion matrix and their mesenchymal differentiation (Boyer et al., 2000; Mishima et al., 2006) . Our finding that TCE's effects are greatest when administered during HH15 or HH17, when endocardiocyte migration and transformation begin, is consistent with such a target. The TCE doses used here cause hyperplasia of cushion mesenchymal cells (Drake et al., 2006a,b) . Cushion hyperplasia could alter the precise alignment between the ventricular chambers and cushions necessary for proper septal closure. TCE exposure also disrupts events of myocardial morphogenesis. During the TCE exposure period studied here, the myocardium transitions from a tubular to a chambered heart. Cardiomyocyte proliferation and differentiation, as well as trabeculation and ventricular wall compaction, all serve to increase cardiac output and meet the accelerating vascular demands of a rapidly growing embryo (Sedmera and McQuinn, 2008) . Extracardiac populations including the endothelium, epicardium, and neural crest, also contribute to this expansion. Halogenated aliphatic hydrocarbons including TCE can act as myocardial depressants and arrhythmic agents, dampening calcium transients and thus reducing contractile force (Caldwell et al., 2008; Hoffmann et al., 1994) . In cultured myocytes, TCE reduces the expression of Serca2a and the ryanodine receptor (Caldwell et al., 2008; Collier et al., 2003) , which govern calcium release and reuptake by the sarcoplasmic reticulum during the cardiomyocyte contraction cycle. This is accompanied by significant impairments in calcium homeostasis, with reductions in both peak calcium release and cytosolic calcium clearance at TCE levels only slightly greater (10 ppb) than those studied here. Such impairments reduce contractility   FIG. 4 . Echocardiography of TCE-exposed embryos at HH28. Distribution of individual heart rate (A), calculated LV mass (B), LV internal diameter during diastole (C), LV PW and AW thickness during diastole (D and E), fractional shortening (F), tricuspid to aortic velocity ratio (G), and mitral to aortic velocity ratio (H) in HH28 embryos treated with 0 or 4 nmol per egg TCE at HH17. The difference from the group mean was greater in TCE-treated embryos than in control embryos, as determined by Student's t-test. HEART DEFECTS IN TCE-EXPOSED CHICKS and contribute to cardiac failure (Ikeda et al., 2008; Porter et al., 2003) . Therefore, disrupted calcium handling may account for the cardiac dysmorphologies seen at ED5.5. Hypertrophy is the heart's attempt to increase output in response to functional challenge by increasing cellular myofibril content and thus ventricular wall thickness, chamber volume, and ejection fraction; in the embryo, increased myocyte proliferation also contributes to the hypertrophy response . Hearts that poorly compensate have thin ventricular walls and reduced heart rates and output and ultimately fail. A similar mix of hypertrophic and dilated hearts occurs in a genetic model of cardiac failure (Cote et al., 2003) . The abnormal phenotypes seen in TCEtreated embryos at ED5.5 likely represent attempts to improve cardiac output in response to impaired contractility. A possible impairment of extracardiac populations may also be contributory, and this merits investigation.
Cardiac contractility and the attendant increases in blood flow and intraventricular pressure also contribute to the closure of the intraventricular foramen, and experimental manipulation of cardiac flow produces VSDs (Hogers et al., 1999; Hove et al., 2003; Sedmera et al., 1999) . We previously reported reduced flow velocities at the level of the AV valves and dorsal aorta in HH24 (ED4.5) embryos exposed to TCE at HH15 or HH17 (Drake et al., 2006b) , a finding consistent with the reduced AV velocities documented here at ED5.5. Because the TCE-exposed AV and outflow tract cushions had similar levels of hypercellularity (Drake et al., 2006b) , the presence of normal aortic valve velocity (AoV), despite lower AV velocities, could represent compensatory activity of the contractile conotruncus (Keller et al., 1991) . Alternately, the reduced AV inflow may reflect impaired ventricular relaxation due to abnormal calcium handling (Keller et al., 1991) or could be due to lower venous and pulmonary pressure. Regardless, such velocity changes would be expected to reduce intraventricular blood flow and thus create intraventricular pressure changes that could sustain the foramen opening, resulting in a VSD (Hogers et al., 1999; Hove et al., 2003; Sedmera et al., 1999) . Unfortunately, attempts to catheterize these embryos and quantify intraventricular pressures were unsuccessful. Taken together, these findings suggest that TCE exposure during HH15 or HH17 (Drake et al., 2006a,b) disrupts cardiomyocyte calcium handing (Caldwell et al., 2008; Hoffmann et al., 1994) and cardiac contractility (Drake et al., 2006b) , resulting in the muscular VSDs observed here.
Newly hatched chicks had largely normal cardiac function apart from an increased heart rate that would increase cardiac output and compensate for the VSD. These chicks represent the survivors, 37% of which had VSDs, among a population in which 30-50% died at embryonic stages. Thus, the hatch data likely underreport the severity and frequency of cardiac problems in this population as a whole. Endorsing this interpretation is the identification of a subset of TCE-exposed hearts prior to the mortality period that had significant deviations in heart structure and function. Because the hatched chicks were young, they had not experienced cardiac stress. Although the heart can adapt to stressors such as pressure overload, ischemia, and hypoxia, if the stressor remains unresolved, the heart reaches a limit in its ability to compensate 
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and transitions into hypertrophy and subsequently dilatative failure. The TCE-associated pathologies seen at ED5.5 and the high prehatch mortality suggest that the least adapted chicks died prior to hatch. Additional assessments are necessary before conclusions can be drawn about the adequacy of cardiac performance in the hatched survivors.
Nonmonotonic Dose Response
In chicks, nanomolar TCE exposures cause a nonmonotonic dose response with respect to mortality as an end point, a finding consistent with our previous work documenting a nonmonotonic response for mortality and AV canal cushion cellularity (Drake et al., 2006b) . Loeber et al. (1988) also reported a nonmonotonic dose response for TCEexposed chicks with respect to heart defects. Nonmonotonic dose responses are documented for numerous chemical agents, including alcohol, opiates, formaldehyde, and serotonin (Calabrese, 2001; Calabrese and Baldwin, 2003; Gaylor et al., 2004; Sari and Zhou, 2003) . Numerous mechanisms can produce a nonmonotonic response, including differing affinities for multiple enzymatic or receptor targets of the toxicant, concentration-dependent generation of metabolites having distinct effects, and concentrationdependent induction of alternative disposal pathways. The explanation for TCE's nonmonotonic effect awaits a clearer understanding of its mechanism and identification of the proximal teratogen.
In conclusion, our data independently confirm that TCE is a cardiac teratogen at exposures in the range of the EPAs MCL. This conclusion has been controversial because heart defects have not been consistently observed following developmental exposure (e.g., Carney et al., 2006; Dorfmueller et al., 1979; Fisher et al., 2001; Healy et al., 1982; Schwetz et al., 1975) . We suggest that this is due, in part, because prior studies utilized static measures, such as histology and freehand dissection (Wilson, 1965) , and likely missed functional changes as well as subtle physical changes having significant functional consequences, such as those reported here. The adoption of real-time imaging methods will facilitate the detection of dysmorphologies and dysfunctions in cardiac toxicology studies.
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